Photoconductivity-based measurements of recombination lifetimes in multicrystalline silicon are often hampered by carrier trapping effects, which cause a characteristically large relative increase in the photoconductance. Single-crystal p-type float-zone wafers of varying resistivities were cross contaminated with multicrystalline wafers that exhibited such trapping. A proportion of the impurities present in the multicrystalline samples was found to effuse into the float-zone wafers, where they act as both recombination centers and trapping centers. By the application of a simple theoretical model, the trap density in the float-zone samples was determined, and found to be directly proportional to the boron-dopant concentration. These results suggest that the trapping centers are caused by boron-impurity pairs.
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Trapping of minority carriers in multicrystalline silicon ͑mc-Si͒ and other materials is a well-known phenomenon, and has been observed by several authors. [1] [2] [3] In contrast to deep-lying recombination centers, the trapping centers ͑re-ferred to below as traps͒, take the form of states within the energy gap that temporarily hold minority carriers, before releasing them back into the band. Despite the fact that such centers may not directly contribute to recombination, their impact on the photoconductivity of a sample can be dramatic, and if such measurements are used to determine recombination lifetimes, the results can be misleading.
In p-type silicon, charge neutrality considerations dictate that the presence of minority-carrier traps causes a relative increase in the concentration of holes ͑majority carriers͒ at carrier densities comparable to and below the trap density. 4 As a result, the photoconductivity is larger than would be the case when traps are absent, in turn resulting in a larger apparent lifetime. The unfortunate consequence is that recombination lifetime measurements at lower injection levels, which are often of practical interest, become difficult. In order to attempt to overcome these problems, it is desirable to know more about the physical cause of the trapping centers.
All lifetime measurements presented in this letter were performed using the quasi-steady-state photoconductance ͑QSSPC͒ technique, the practical application of which is described elsewhere. 5 Injection-level-dependent carrier mobilities were modeled after the data of Krausse 6 and Dannhauser. 7 Although the results presented here are steady state in nature, any photoconductance-based method, such as transient photoconductance decay ͑PCD͒, would be subject to the same trapping phenomena. 1 The QSSPC data analysis was performed with a recently improved approach, 8 allowing a large range of lifetimes to be measured. The instrument used had sufficiently low-noise levels to allow trap densities down to 4ϫ10 11 cm Ϫ3 to be measured. Figure 1 shows the results of QSSPC apparent lifetime data obtained from a p-type 1.0 ⍀ cm cast mc-Si solar-grade sample with a very high trap density. Surface passivation was achieved by a light phosphorus diffusion and oxidation as described below. The rapid increase in inverse apparent lifetime from low to high injection is due to the traps, and even at the highest injection level measured we cannot associate the apparent lifetime with the recombination lifetime. The low recombination lifetime in this sample necessitated the use of infrared light to provide uniform carrier profiles, which limited the maximum measurable injection level to 7.0ϫ10 15 cm Ϫ3 . A simple theoretical trapping model can be fitted to such experimental data, allowing the trap density N t and the recombination lifetime r to be determined. 9 The mathematical development of the model under the QSSPC regime is given in a previous letter. 3 For the sample in Fig. 1 , the trap density computed by this method is 7ϫ10 15 cm Ϫ3 , with the recombination lifetime assumed constant and determined to be 0.7 s. Note that in this case the trap density is so high as to make a direct measurement of the recombination lifetime r impossible. However, by fitting the trapping model, r can be determined with reasonable accuracy.
In previous work, we have found that the trap density in mc-Si wafers decreases after phosphorus gettering, and that In this letter, we investigate whether the traps present prior to gettering are related to mobile impurities in the mc-Si. Such impurities can be transferred to nearby high-quality, singlecrystal float-zone ͑FZ͒ wafers by effusion at high temperature. 10 This cross contamination produces a reduction in the recombination lifetimes of the FZ wafers that is proportional to the initial contamination level in the mc-Si wafers. We have found that these contaminated FZ wafers also exhibit considerable trapping effects, which is a clear indication that mobile impurities can also be responsible for the creation of trapping centers. It is possible that the same type of impurity is responsible for both the increased recombination activity and the trapping centers, or alternatively, that more than one type of impurity could be present, some of which form deep recombination levels and others trapping states.
An important advantage of the cross-contamination experiments is that they allow the study of trapping and recombination centers in a material that is practically free of crystallographic defects. They also provide a way of examining the correlation between the background doping levels and the magnitude of the trapping effects by contaminating FZ wafers of different resistivities. This is generally not possible with mc-Si wafers, which come only in a narrow dopant density range, and in which a similar crystal quality cannot be guaranteed.
Cross contamination of p-type FZ Si wafers was achieved by an 840°C light phosphorus diffusion followed by a thin thermal oxide growth at 900°C, for a total of 60 min. The high temperature allows the effusion of impurities from the mc-Si to the FZ Si ͑separated by about 5 mm͒, while the diffusion and oxidation passivate the surfaces for lifetime measurements. To ensure measurable trapping effects in the FZ wafers, we used mc-Si samples with high trap densities ͑around 7ϫ10 15 cm
Ϫ3
͒, similar to the sample presented in Fig. 1 . Figure 2 shows lifetime measurements of two such cross-contaminated FZ samples of 0.3 and 8.0 ⍀ cm resistivity. At higher injection levels the data reflect the recombina-
species in the FZ material has two effects on lifetime-first, the introduction of minority-carrier traps and the associated increase in apparent lifetime at low injection, and second the introduction of recombination centers and the resulting Shockley-Read-Hall ͑SRH͒ dependence of the recombination lifetime on injection level. 4, 11 The presence of the emitter caused by the phosphorus diffusion in these samples also impacts on the lifetime measurements at the highest injection levels. 12 As well as in the experimental data, Fig. 2 also shows fit lines for the theoretical model. However, the fitting procedure is more complex than that used in Fig. 1 , where the recombination lifetime r was assumed constant. The curves in Fig. 2 clearly show an injection-level dependence at carrier densities higher than the region where traps dominate. This is typical of SRH recombination centers, and also of emitter recombination, as mentioned above. As a result, for p-type Si, r must be modeled by 4 ,12
Here, ⌬n is the excess carrier density, N A the dopant density, n 1 and p 1 the equilibrium densities of electrons and holes, respectively, when the Fermi energy coincides with the flaw energy, and n0 and p0 the capture time constants for electrons and holes. 4 J 0 is the emitter saturation current, which characterizes recombination in the diffused regions, and n i and W the intrinsic carrier concentration and sample thickness, respectively. The values of J 0 used in the fitting procedure were measured experimentally for each sample under high injection conditions, 12 and were typically 5 ϫ10 Ϫ14 A cm
Ϫ2
. To obtain an accurate fit to the experimental data in Fig.  2 , it was necessary to model r with two SRH centers and an emitter term. Having two centers means that there are six fit parameters for the SRH contribution to r , resulting in a large number of possible sets of parameters that provide reasonable agreement. As a consequence, it is not possible to uniquely determine n0 and p0 or the energy level of the recombination centers from our experiments. However, for any of these sets of parameters that provide a good fit, the possible values of the trap density N t are restricted to a narrow range. Hence, we are in a position to accurately specify N t , even if we can infer little about the nature of the SRH centers.
Before moving on to discuss the cross-contamination results further, there is the important question of whether the effects observed in the contaminated FZ wafers are bulk or surface effects. At the surfaces there exist relatively highly doped phosphorus layers, in which impurities are in general highly soluble. Hence, it is conceivable that the impurities adsorbed onto the surfaces of the FZ wafers during cross contamination remain in the thin diffused regions. To determine if this was indeed the case, a contaminated 1.0 ⍀ cm sample was etched to remove the phosphorus layers. The sample was then repassivated with plasma-enhanced chemical-vapor deposition silicon nitride ͑SiN͒ films deposited at 400°C, and the lifetimes remeasured. The results are depicted in Fig. 3 .
The results for the emitter passivation and SiN passivation agree very well. There is a difference at higher injection levels, but this is due entirely to the presence of emitter recombination in the diffused sample, which is, of course, not present in the SiN-passivated sample. The trapping model with two SRH centers was fitted for both of these cases, with an emitter term also included for the diffused case. The fit shown for the SiN-passivated data is simply that for the diffused case with all trapping and SRH parameters the same, except with J 0 ϭ0 ͑i.e., no emitter recombination͒.
Also shown on Fig. 3 are SiN-passivated and diffused 1.0 ⍀ cm samples that have not been cross contaminated. The fact that both these curves represent much higher apparent lifetimes at all injection levels strongly indicates that the results for the contaminated case reflect mainly bulk apparent lifetimes. The clean samples also show evidence of trapping, which may be related to the surfaces, but with much lower trap densities. Consequently, we are able to interpret the computed trap densities for the contaminated cases as relating to a volume concentration.
The bulk trap density was determined for a range of contaminated FZ wafers of resistivity from 0.3 to 1000 ⍀ cm. For the 1000 ⍀ cm case the trap density was so small (Ͻ1ϫ10 11 cm
Ϫ3
) as to be unmeasurable. The results for the other wafers are shown in Fig. 4 as a function of boron concentration in the FZ substrate. There is a clear linear relationship between these two variables, implying that the traps are related to boron-impurity pairs. Multicrystalline samples with lower trap densities and higher recombination lifetimes ͑and hence, lower mobile impurity concentrations͒ than those used in the experiments above were also used to cross-contaminate 1 ⍀ cm FZ wafers. The corresponding trap densities in these FZ wafers were lower than for the heavily contaminated FZ wafers, indicating a relationship between trap density and mobile impurity concentration qualitatively similar to that in Fig. 4 . The impurities responsible for the trapping centers have clearly come from the mc-Si, and hence, must be highly mobile in silicon at high temperatures in order to effuse effectively. Prime candidates for such an impurity are transition metals.
As mentioned, previous work has revealed that the trap density in gettered mc-Si wafers is related to the dislocation density in the material. In view of the results presented here, this suggests that there are two sources of trapping centers present, first boron-impurity pairs, which can be removed by gettering, and second dislocation-related centers that cannot.
In conclusion, cross contamination of FZ wafers with mc-Si wafers reveals that the impurities causing trapping centers in the mc-Si are mobile and can penetrate the bulk of the FZ wafers. It seems reasonable, therefore, to associate these traps with highly mobile impurities such as transition metals. Moreover, the density of such traps is linearly related to the boron concentration in the p-type FZ substrates, implicating boron-impurity pairs.
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